The static and dynamic properties of many-body quantum systems are often well described by collective excitations, known as quasiparticles. Engineered quantum systems offer the opportunity to study such emergent phenomena in a precisely controlled and otherwise inaccessible way. We present a spectroscopic technique to study artificial quantum matter and use it for characterizing quasiparticles in a many-body system of trapped atomic ions. Our approach is to excite combinations of the system's fundamental quasiparticle eigenmodes, given by delocalised spin waves. By observing the dynamical response to superpositions of such eigenmodes, we extract the system dispersion relation, magnetic order, and even detect signatures of quasiparticle interactions. Our technique is not limited to trapped ions, and it is suitable for verifying quantum simulators by tuning them into regimes where the collective excitations have a simple form.
The static and dynamic properties of many-body quantum systems are often well described by collective excitations, known as quasiparticles. Engineered quantum systems offer the opportunity to study such emergent phenomena in a precisely controlled and otherwise inaccessible way. We present a spectroscopic technique to study artificial quantum matter and use it for characterizing quasiparticles in a many-body system of trapped atomic ions. Our approach is to excite combinations of the system's fundamental quasiparticle eigenmodes, given by delocalised spin waves. By observing the dynamical response to superpositions of such eigenmodes, we extract the system dispersion relation, magnetic order, and even detect signatures of quasiparticle interactions. Our technique is not limited to trapped ions, and it is suitable for verifying quantum simulators by tuning them into regimes where the collective excitations have a simple form. The level of experimental control over engineered manybody quantum systems has been rapidly improving in recent years. Atoms in optical lattices [1] and ions in electrodynamic traps [2] , for example, now offer unprecedented access to the states, dynamics, and observables of interacting quantum systems. As these engineered systems become larger and more complex, conventional tomographic methods [3] for characterising their states and processes soon become either inefficient or of limited applicability [4] . New methods are required to verify what has been built in the laboratory and to study the properties of these fascinating systems.
In their low-energy sector, interacting many-body systems are often well described in terms of collective excitations, with effective mass, dispersion relation, and scattering properties. Such emergent excitations can be understood as weakly interacting quasiparticles, which are responsible for a range of dynamical properties of the underlying system [5] . Recently, experiments in systems of atoms and ions have demonstrated the central role that quasiparticles play in the transport of information and entanglement [6] [7] [8] . The ability to precisely measure the properties of a system's quasiparticles, therefore, becomes a valuable tool for studying many-body quantum systems in the laboratory.
Spectroscopy is an established approach to studying natural quantum systems and their emergent phenomena, wellestablished techniques including, e.g., photoemission spectroscopy in electronic systems [9] and neutron scattering in magnetic materials [10] . Currently, there is important theoretical [11] [12] [13] [14] and experimental [15] [16] [17] [18] [19] [20] [21] [22] [23] progress on developing spectroscopic techniques for engineered quantum systems. In this Letter, we present a spectroscopic technique for characterizing the low-lying energy spectrum of an engineered quantum many-body system, and apply it to study emergent quasiparticles in a system of trapped atomic ions. Our approach exploits single-particle (-ion) control to excite individual quasiparticle modes. Measuring the system's dynamical response to superpositions of such single excitations, allows the abso- Figure 1 : (a) Energy spectrum of model Hamiltonian Eq. (1), for B J and 7 spins. The degeneracy of subspaces with different excitation number n is lifted by the spin-spin interactions J. The system response to superpositions |0 + |k (blue spheres) provides information about the absolute energy E k of spin-wave state |k . The response to superpositions |k + |k (red spheres) enables high-precision measurements of the system dispersion relation. Quantum dynamics in higher excitation manifolds (n ≥ 2) involve both spin-wave dispersion and scattering. (b) Spin-wave amplitudes A k j .
lute quasiparticle energies and system dispersion relation to be determined. Furthermore, by probing the response to superpositions of multi-quasiparticle states we are able to resolve shifts in the energy spectrum due to quasiparticle interactions.
Our system is a 1D chain of 40 Ca + ions in a linear ion trap. In each ion j = 1 . . . N, two long-lived electronic states represent a quantum spin-1/2 particle with associated Paulimatrices σ β j (β = x, y, z). Under the influence of laser-induced forces, the system is ideally described by a one-dimensional transverse Ising model [24, 25] , with Hamiltonian
where σ 
arXiv:1505.02066v1 [quant-ph] 8 May 2015
The spin-spin coupling matrix J i j ∼ J/|i − j| α approximately depends as a power-law on spin separation |i − j|, where 0 < α < 3 [8, 26] . All experiments presented here are carried out in a system of N = 7 spins where α ≈ 1.1, corresponding to interactions of intermediate range [27] .
We work with a strong transverse field B J, in which case the energy spectrum of H splits into N + 1 subspaces, each containing eigenstates with the same integer 'excitation number' n ≡ j ( σ z j + 1)/2, i.e., total number of up-pointing spins, ↑ (see Fig. 1(a) and [25] ). In this limit, H conserves n. Therefore the subspaces are uncoupled and there is no population transfer between them during time dynamics. The eigenstates in the single-excitation subspace (n = 1) are delocalised standing waves of spin excitation |k = Fig. 1(b) . These states |k are the fundamental quasiparticle modes of the system, with eigenenergies E k that define the dispersion relationship.
At the basis of our spectroscopic method is the preparation of superpositions of eigenstates. Specifically, beginning with the ground state |↓ ⊗N = |0 , we use a laser, focused to a single ion and rapidly switchable between different ions, to rotate each spin j into the state |θ j ≡ cos θ j |↓ j + sin θ j |↑ j . As we will show, preparing different superpositions allows us to spectroscopically measure energy gaps from the beat notes observed between eigenstates.
Spectroscopy of ground-state gaps.-First, we measure the energies E k of the single-excitation eigenstates |k relative to the absolute ground state. Although the |k modes are delocalised, entangled states, we can prepare product states that are good approximations by setting θ j = tan −1 γA k j , yielding the N-spin input state
Preparing this state requires no detailed a priori knowledge of the Hamiltonian. As we will see, a strong signal is obtained when modelling the exact eigenmodes by generic standing waves with amplitudes
For open boundary conditions and nearest-neighbour interactions (α = ∞), these form the exact eigenstates. In case of finiterange interactions (α < ∞), the amplitudes A k j are modified, but the number of wave-function nodes remains an accurate way to characterize the eigenstates.
After preparing the system in |ψ k , we let it evolve to |ψ(t) = exp(−iHt/ ) |ψ k , and measure its single-spin magnetizations in the x-y plane of the Bloch sphere. Specifically, we measure in a rotating frame wherex = cos(2Bt)x − sin(2Bt)y andỹ = sin(2Bt)x + cos(2Bt)y [25] .
The corresponding expectation values are σ˜x 
, where = h/2π is the reduced Planck constant. These expectation values oscillate at a frequency determined by the energy shift ε k = E k −2B that result from the spin-spin couplings J i j [ Fig. 1(a) ]. The shift ε k can then be extracted via a Fourier transform. To maximize the signal, we transform Mx(t) + iMỹ(t), where
, and mirror the result to negative times to minimize transform artifacts. For these measurements, we choose γ such that the probability of creating more than one quasi-particle is only p 2 = 0.02, thus avoiding spurious frequency components in the Fourier transform due to energy gaps between states with one and two quasiparticles.
Results for |ψ k=7 are presented in Fig. 2 (a-c). The Fourier transform reveals a distinct peak at ε k=7 /h = −249 ± 42 Hz, which reveals the interaction-induced dispersion ε k of mode |k around the band center 2B. From the observation that ε k=7 < 0 and the anti-aligned nearest-neighbour amplitudes of |k = 7 , we can infer that J i j > 0, i.e., the spin-spin couplings are antiferromagnetic. Analogous results are found for other modes. We observe, e.g., a positive energy shift for ε k=1 , in agreement with J i j > 0 and the requirement 7 k=1 ε k = 0. It is worth noting that the measured quantity Mx (ỹ) (t) is equal to the quasiparticle Green's function G k (t), which contains all essential information about the quasiparticles, such as energies, scattering rates, and life times [11, 28] .
Spectroscopy of the dispersion relation.-The measurement precision of the absolute energies E k is limited by dephasing due to laser-frequency and ambient magnetic-field noise. As subspaces with fixed excitation number n are decoherence-free with respect to these noise sources [8] , the relative energies ∆E k,k = E k − E k can be measured with much higher resolution by preparing superpositions of the type |k + |k . Here, we initialize the system in a product state similar to Eq. (2), and choose the rotation angle θ j = tan
to create the state
We then measure the time-evolved state in the z-basis. Since H commutes with such measurements, this allows postselection of the |k + |k contribution to the initial state by retaining only measurements projected on the singleexcitation subspace. The individual z-magnetizations are added up to obtain the signal
A Fourier transform of M 1 (t) yields the energy difference ∆E k,k between quasiparticle states |k and |k . Figure 2 (d-f) shows experimental data for a superposition of the quasiparticle states with lowest (k = 7) and highest (k = 1) energies. Compared to Figure 2(a-c) , the much longer coherence times within the n = 1 subspace result in a significantly higher spectral resolution. By repeating this experiment for superpositions of different spin waves, we reconstruct the complete single-quasiparticle dispersion relation, measured relative to k = 1. In Fig. 3 , the results are compared with theoretical predictions, obtained by diagonalization of the model's coupling matrix J i j , with J as only free parameter. Instead of a cosine dispersion typical for short-range physics, the data reproduces very well the large group velocity (∂ω/∂k) at k = 1, as expected for long-range interactions with α < 2 [27, 29] . The fact that each of the N frequency spectra in Fig. 3 is dominated by a single peak demonstrates that the heuristically chosen sine-wave coefficients A k j are, indeed, close to the ones of the exact eigenstates.
Spectroscopy of interacting quasiparticles.-Until now, we probed single quasiparticle dynamics. In the spectroscopy scheme based on initial states like Eq. (3), quasiparticle excitation numbers above n = 1 are naturally realized in higher orders of γ. We can therefore go further and perform spectroscopy in higher-excitation sectors by postselecting time-evolved states with n spin excitations. This provides an opportunity to characterize interactions between pairs of quasiparticle excitations.
We now prepare product states |ψ k,k , Eq. (3), with larger γ, so that the next-order contribution |ψ 25] . In parallel, we post-select outcomes with a single excitation and thereby measure M 1 (t) to obtain the single-particle energy splitting |∆E k,k |/h as a reference [ Fig. 4(c) ].
Without interactions between quasiparticles, higher excited states would be simple combinations, determined by the quasiparticle statistics, of the single-excitation states. The measured frequency spectrum for |ψ (2) k=1,k =7 , however, reveals that the quasiparticles do interact: the peak in Fig. 4(a) at 665 ± 14 Hz is significantly lower than 2|∆E k,k |/h = 765 ± 32 Hz, which would be expected for non-interacting bosons (NIB) from double population of the states k and k . Furthermore, the aforementioned peak is higher than the maximum allowed for non-interacting fermions (NIF), which is, due to Pauli exclusion, |E k=7 + E k=6 − E k=1 − E k=2 |/h = 585 ± 21 Hz. These measurements show that the quasiparticles in our system cannot be described by a simple free particle model, which is a consequence of the long-range nature of our interactions. A NIF model would be accurate only for strictly nearest-neighbour interactions [30] .
For a qualitative understanding of the two-particle spectra, it is illustrative to map the spin operators to hard-core bosonic creation and annihilation operators [5] 
are not eigenstates of the n = 2 subspace; there would be N(N + 1)/2 different states |kk , whereas the n = 2 subspace has only N(N − 1)/2 dimensions because of the hard-core constraint imposed by having a spin-1/2 system. Nevertheless, for N 2, we expect |kk to have a significant overlap with a twoquasiparticle eigenstate.
Without the hard-core constraint, |ψ (2) kk would populate three exact eigenstates, whose energies would be the sums of the individual quasiparticle energies E k and E k [see Fig. 4(d) ]. In that case, we would measure two distinct spectral peaks at frequencies |∆E k,k |/h and 2|∆E k,k |/h. However, the hard-core interactions induce an interaction shift away from this value. For low quasiparticle densities, n N, qualitative insights into interaction effects can be obtained by treating the hardcore interaction as a small perturbation. First-order perturba- 
, and ν c = ν a + ν b . In Fig. 4(a-b) , the frequency spectrum for different summations of the data is shown for |ψ (2) k,k =1,7 , where, indeed, we observe three distinct peaks near ν a , ν b and ν c .
While the predictions of perturbation theory prove qualitatively correct, in terms of the existence and direction of interaction shifts, the effects are overestimated. In addition to the predicted three-peak structure, and their sum and difference frequencies, another large peak is observed at a very low frequency [ Fig. 4(a) ]. This peak can be explained by studying the exact eigenstates, where we find that the initial state has substantial overlap with a fourth eigenstate not expected from first-order perturbation theory. The reason for these discrepancies is that for the small chain considered the quasiparticle density, n/N = 2/7, is not sufficiently low to quantitatively treat the hard-core interaction as a small perturbation. With increasing system size n/N → 0, the quality of perturbation theory will improve and the states |kk should provide closer approximations to the true eigenstates of the two-excitation subspace of H.
One can use this scheme to study interaction effects between different combinations of quasiparticle states. The resulting spectra can be much more complex than the one presented in Fig. 4 . For example, |ψ (2) k,k =1,4 has considerable overlap with many of the exact two-excitation eigenstates, which can be interpreted as a strong scattering of quasiparticles into other modes [25] . This scattering reduces the quasiparticle lifetime, and induces broader spectral features.
Conclusion.-We realized a Ramsey-like technique for measuring the low-lying energy spectrum of an artificial quantum many-body system of trapped ions. Our technique enabled a complete characterization of the system's quasiparticles, including the dispersion relationship and scattering properties. While the former determines how information is transported in our system, the latter shows that our system cannot be described by a simple model of non-interacting particles. The technique works by tuning the system into regimes where collective excitations have a simple form, allowing for many-body couplings to be precisely studied. Future work could study the regimes where B and J are of similar size. Here, the quasiparticle peak in the spin-wave Green's function would broaden and eventually disappear at the quantum critical point. Furthermore, it would be interesting to investigate whether multi-dimensional spectroscopy techniques developed for NMR or femtosecond spectroscopy [32, 33] could be combined [34] with the single-site addressability available in many artificial systems to measure finite quasiparticle lifetimes due to their interactions or incoherent coupling to the environment.
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SUPPLEMENTAL MATERIAL Derivation of a transverse Ising model
This section provides a short derivation of how to realize a transverse field Ising model in a linear string of ions. The mechanism is based on transversally illuminating the ion string by a bichromatic laser field that off-resonantly couples to the lower and upper vibrational sidebands of the transition between the two electronic states encoding the pseudo-spin.
We start by considering a monochromatic running-wave laser field coupling the internal electronic states of an ion to the 2N transverse motional modes of the N ion string. We work in an interaction picture with respect to the Hamiltonian
where Ω j is the Rabi-frequency of the laser at the i-th ion, Φ L the laser phase, = ω L − ω 0 the detuning of the laser frequency from the atomic transition, and η j,m is the LambDicke factor, which is proportional to the displacement of the j th ion in the m th collective mode. The summations run over all N ions and over all 2N transverse modes. The spin-flip operators are given by σ In order to achieve an effective spin-spin interaction, the red and the blue sidebands of all 2N modes are off-resonantly driven with a bichromatic light-field with symmetric detunings ± = ±(ω M + ∆). Here, ∆ denotes the detuning of the laser with respect to the blue sideband of the motional mode with the highest frequency ω M . If we perform a rotating-wave approximation to retain only the coupling of the frequency component with + ( − ) to the upper (lower) motional sidebands, the resulting Hamiltonian is given by
where ∆ m = ∆ + (ω M − ω m ). In the limit of |η j,m Ω j | ∆ m , the motional states are only virtually excited and serve to mediate an Ising interaction between the spins. This effective spinspin interaction can be calculated from second-order perturbation theory, resulting in the effective Hamiltonian
with spin-spin coupling matrix
Further details of the derivation can be found in references such as [2] or [3] . If the detuning of the bichromatic laser beam contains a slight asymmetry, ± = ±(ω M + ∆) + δ, δ ∆, the raising and lowering operators appearing in Eqs. (S2), (S3) obtain a time-dependent phase factor, σ + → σ + e −iδt and σ − → σ − e iδt , and thus
Additional terms ∝ σ z j a † m a m that arise from off-resonant excitation of the sideband transitions are smaller by a factor δ/∆ and can be neglected in the limit δ ∆ in which we work here.
The time-dependent Hamiltonian in Eq. (S5) can be transformed into a time-independent Hamiltonian by writing H eff = (H eff − H δ ) + H δ and changing into an interaction picture with respect to H δ = − j δ 2 σ z j , generated by the unitary operator We perform spectroscopy of a trapped-ion system modelled by the XY Hamiltonian, Eq. (S7), of N coupled spins. As discussed in Fig. 1 in the main text, the spectrum of H XY splits into uncoupled subspaces with integer total excitation number (number of up-pointing spins), allowing us to study each subspace individually or to compare the energy of states within one subspace against the energy of a reference state in another subspace. In the single-excitation subspace, one can calculate the eigenenergies (E k ) and eigenmodes (|k = σ To spectroscopically measure the energies E k , we use superpositions of eigenstates. These can be approximated by initial product states like
Here, C ≡ N j=1 cos(θ j ) provides the overall normalization of the wave function.
Absolute quasiparticle energies
For the spectroscopy of absolute energy values E k , we choose tan(θ j ) = γA k j to generate the initial state
The time-evolved state is then |ψ(t) = e −iH XY t |ψ k . If this state is measured directly in the x-basis, with respect to the frame of Eqn. (S7), the signal would read:
This observable contains a strong oscillation at the quasiparticle energy E k . The contributions from individual spins (ions) can be constructively summed
Note, to leading order this is equivalent to the single-particle Greens function [4] .
However, we do not measure directly in the x-basis (or ybasis) of Eq. (S7), as assumed in Eq. (S10). Measurements of the magnetization in the x-y plane of the Bloch sphere are carried out by first performing π/2 pulses with a laser resonant with the pseudo-spin transition followed by a fluorescence measurement projecting the spin onto either | ↑ or | ↓ . This corresponds to measurement of σ x or σ y in the reference frame of the Hamiltonian (S2). When changing into the reference frame of the Hamiltonians (S6) or (S7), these single-spin measurements correspond to measurements of
Note that measurements in the logical (z-basis) are unaffected by this frame change. The consequence of measuring in a rotated frame in the x or y basis is simply that we observe oscillations due to energy gaps k = E k − 2B, as presented in Fig.2 (a-c) in the main text.
It is straightforward to diagonalize the linear spin-wave Hamiltonian H LSWT to find its eigenenergies E k and eigenmodes b † k = j A k jb † j (the spin waves), which reproduce the exact physics in the single-excitation subspace. If there was no hard-core constraint, combinations of spin waves would also define the eigenstates in higher occupation subspaces. For low spin-wave densities, one can expect this constraint to only play a perturbative role, motivating the use of Hamiltonian H LSWT as starting point for a perturbative expansion in the spin-wave interactions. However due to strong quasiparticle scattering a large number of frequencies components becomes apparent. The weakly interacting single-particle eigenmodes no longer provide a good basis for describing the system. the signals due to this component and the one at ν b are maximized while the one at ν c gets suppressed.
Validity of first-order perturbation theory: additional experimental data
The quality of the first-order perturbation theory for given eigenstates can be estimated by considering how well a state |k 1 k 2 remains localized in the two-excitation state space when taking the hard-core constraint into account. This amounts to acting on the vacuum |0 with b † k 1 b † k 2 and computing the overlap of the resulting state to the exact eigenstates. The state |k 1 = 1, k 2 = 7 , constructed from single-particle states at the edge of the spectrum, for example, remains well localized in few exact eigenstates, and therefore qualitative predictions of simple first-order perturbation theory in the spin-wave interaction work quite well. Other combinations, on the other hand, such as |k 1 = 1, k 2 = 4 ( Fig. S1 ) show many other spectral features deviating from the three-peak structure predicted by the perturbation theory. This comes from a considerable overlap with many of the true eigenstates in the two-excitation subspace, resulting in a diminished reliability of perturbation theory.
Since the spin-wave scattering is proportional to the overlaps M
